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PREFACE 

This final report for evaluation of Natural Attenuation in the Northwest and Northeast Plumes at the 
Paducah Gaseous Difhion Plant (PGDP) was prepared in accordance with requirements under the 
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) and the Resource 
Conservation and Recovery Act (RCRA) and applicable state laws for investigating areas of concern. 
Infomation generated from this study will provide data needed to determine ifNatural Attenuation is a viable 
process for aquX" restoration at PGDP. 

... 
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EXECUTIVE SUMMARY 

This document represents the final report on field sampling activities for evaluation of Natural Attenuation 
Processes (NA) in the Northwest and Northeast Plumes at the Paducah Gaseous D i h i o n  Plant (PGDP). 
AlthoughNA processes are active and plume attenuation is occurring, the rate is insufficient to utilize as a viable 
remedial measure for either dissolved phase plume. Data generated as part of this report, as well as previous site 
data, indicate the dominant Natural Attenuation (NA) processes for the chlorinated solvents in the regional gravel 
aqurfa (RGA) are advection, *ion, dilution, and biodegradation. Technetium-99 PTc) is not significantly 
sorbed, diffused, or precipitated onto the aquifer matrix of the RGA. 

The groundwater characteristics for both plumes are: pH 5.7 - 6.3, Eh +120 to +460 mV, dissolved oxygen 
(D.O.) 1.0 - 7.9 mg/L, bicarbonate 102-223 mg/L, chloride 20-90 mg/L, sulfate 8.8-30 mg/L, nitrate < 0.7-50 
m&, total iron < 0.3-3.2 mg/L, hydrogen sulfide c 0.01-0.04 mg/L, ammonia .c 0.1 mg/L. Eh and D. 0. data 
indicate an oxic and aerobic environment. Electron redox couples of nitrate, sulfate, and iron suggest a lack of 
anaerobic biological activity based on the spatial distribution of the terminal electron acceptors. The relationshp 
of declining D. 0. concentrations with increased bicarbonate levels is consistent with aerobic respiration by 
microorganisms within the aquifer. However, the geochemical data for the water samples do not indicate an 
energy source, I. e. organic carbon, toluene, methane, ammonia etc., suflicient for biological processes to occur. 

Carbon isotope ratios of trichloroethylene (TCE) range from -30.4 to -26.7 per mil Pee Dee Belemnite 
(PDB). Chlorine isotope ratios of TCE range fiom -1.0 to +2.0 per mil Standard Mean Ocean Chloride (SMOC). 
Oxygen isotope ratios of water range fiom -5.8 to -4.9 per mil (Standard Mean Ocean Water SMOW). The 
isotopic data indicate minor biological degradation of TCE, little or no difference in source composition of TCE 
in the two plumes, and no difference in water source for the two plumes. These conclusions are consistent with 
the relatively low cis-l,2-dichloroethene (cis- 1,2-DCE)/TCE concentration ratios in the plumes (< 0.00008 to 
0.022) and the generaUy oxidizing condifiofls of the aquifer. Increased isotopic chloride (a3’Cl) levels in relation 
to decreased TCE concentrations is suggestive of slow degradation of TCE. Anaerobic degradation of TCE is 
postulated to occur in organic-rich micro-environments within a generally aerobic aquifer at PGDP. 

A TCE half-life in excess of 25 years was calculated for a region between the U. S. Department of Energy 
(DOE) property boundary and northern extraction well field in the Northwest Plume. Based on current TCE 
concentrations and reliance on NA processes coupled with the existing containment system, TCE levels will 
remain above the maximum contaminant level (MCL) of 0.005 mg/L for over 100 years. TCE levels between 
the source region, C-400, and the southern extraction well field in the Northwest Plume will remain above MCLs 
until the dense, non-aqueous phase liquid (DNAPL) source area is removed, isolated, or depleted. 

TCE and cis-1,2-DCE levels in the plumes ranged fiom < 0.001 to 16 mg/L and c 0.001 to 0.058 m a ,  
respectively. Vinyl chloride, ethylene, ethane, and chloroethene were not detected in any samples fiom h s  study. 
wTc levels ranged fiom < 25 to 4178 pCi/L. Aerobic aquifer condhons suggest the dominant form OF Tc is 
pertechtenate which behaves as a conservative anion. Thus, the only mechanism identified for reduction of *Tc 
within the plumes is advection, dispersion, and dilution. 

X 



1. INTRODUCTION 

The Paducah Gaseous m i o n  Plant (PGDP), located within the Jackson Purchase region of western 
Kentucky, is an adive uranium enrichment facility owned by the U.S. Department of Energy (DOE) (Figure 1). 
m e  July 1,1993, DOE leased the PGDP production operations facilities to the United States Enrichment 
Corpotatim, which in turn coatraded with LocMxed Martin Utility Services, Inc. (LMLJS) to provide operations 
and maintenance services. Lockheed Martin Energy Systems, Inc. (LMES) manages the Environmental 
Management and Enrichment Facility activities at PGDP for DOE. 

PGDP has operated continuously since 1952 and produces enriched uranium for commercial nuclear 
reactors. Plant operations have resulted in waste streams common to many large industrial facilities, namely 
chi- solvents. A common degreaser used at the PGDP site, since its initial operation from 1952 through 
1993, was trichloroethylene (TCE). The largest quantities of TCE were used at the C-400 facility located near 
the cater of the plant. Duringvarious plant upgrades piping and equipment fiom the enrichment facilities, which 

V c ) .  The q c  is abyprodwt of nuclear fission and reactor tails processeed in the 1950s and 1970s by PGDP. 
T c  tends to accumulate near the front end of the enrichment process. 

was contaminated with various radionuclides, was degreased and became con- with technetium-99 

In 1988, TCE was detected offsite in residential wells exceeding the U. S. Environmental Protection 
Agency (EPA) maximum contaminant level (MCL) of 0.005 mg/L. Subsequent investigations led to the 
identification of two large gmu&va& plumes extending offsite (CH2M Hill, 1990; CH2M Hill, 1991; Clausen 
et al., 1993; Clausen et al., 1995a; DOE, 1996). The Northwest Plume has a length of approximately 3.1 miles 
and the Northeast Plume is 2.7 miles long. The contaminants of concern in the Northwest Plume are TCE and 
99’~. Although the Northeast Plume contains both TCE and q c ,  the latter is only present within the DOE plant 
security fence. Combined, the two groundwater plumes have contaminated approximately 6 billion gallons of 
water. Additional details on the distribution of contaminants within each plume can be found in Clausen et al. 
(1993); Clausen et al. (1995a); DOE (1996); and Laase and Clausen (1997). 

Over the past s e v d  years, a remedial alternative gaining increasing acceptance for compounds dissolved 
in gmmdwab is Natural Attenuation (NA). NA in conjunction with source treatment or containment can be a 
remedial alternative for many sites (EPA, 1997). Data collected from both plumes suggested attenuating 
mechanisms are in operation. Currently, two hydraulic containment systems have been installed at the DOE 
property boundary for the Northeast and Northwest Plumes. Additionally, sewed source areas are being 
e v a l d  far treatment. Therefore, an evaluation of NA at this time seems appropriate and consistent with the 
overall groundwater strategy at PGDP. In general, the level of site characterization necessary to support NA is 
greater than that needed to support active remediation which then led to the initiation of this study. 

C-, there axt no regulatory approved regulations or guidelines for implementating NA as a remedial 
option. The current practice is to follow guidelines set forth in an Air Force developed protocols for 
hydroahom and chlorhated solvents (Wiederneier et al., 1995 and 1996). EPA Region IV has developed a draft 
approach manual, developed largely from guidance in the Wiedemeier et al. (1995 and 1996) reports. EPA is 
developing a NA directive for petroleum and hazardous sites to be released in the near future (Tulis, 1997). 
Additionally, American Society of Testing and Materials (ASTM) is developing guidance for NA assessments. 
In the inkrim, the default approach used was the reliance on the 

505306 1 



NV'IIPY 

HVOBNO? 

A 



Weidemeier et al. (1996) approach for chlorinated solvents. In the case of radionuclides, T c  in particular, 
no existing guidance is available. 

1.1 PROJECI' SCOPE 

The scope of the project consisted of sampling 15 monitoring wells located in the Northwest and Northeast 
Plumes andbackgcolrnd locations for an evaluation of geochemical parameters (Figure 2). The geometry of the 
plumes is based on the monitoring of over 300 wells. This information was used to assess the effectiveness of 
Natural Attenuation (NA) processes for remediation of the Northwest and Northeast contaminant plumes. 

1.2 PROJECI' OBJEaIVES 

The three major objectives for this NA study included collection of 1) geochemical data to further assess 
theerrtentand- 'ons of contaminants within the Northwest and Northeast Plumes, 2) geochemical data 
to provide evidence of NA and assess natural biodegradation, and 3) chemical and physical data for input into 
fate-and-transport modeling. Previous work focused on objectives one and three have largely been completed 
through previm investigations (CH2M €€I& 1990; CH2M Hdl, 1992; Clausen et al., 1992; Clausen et al., 1993; 
Clausen et al., 199%; DOE, 1996). Thus, the objective of this study was to focus on the second objective. 

One of the methods utilized to answer whether NA is a signrficant process was through the analysis of 
stable isotapeS. Aggmal et al. (1997) utilized stable isotopes of carbon and oxygen to monitor pathways and 
rate of biodegradation. The objectives of using stable isotope ratios (of carbon and chlorine in TCE; dissolved 
inorganic carbon (DIC); inorganic chlorine; and oxygen in water) are to determine: (1) the possible extent of 
natural TCE attenuation; (2) whether the two plumes could have Werent TCE sources; and (3) whether the 
cmhmhtd plumes could have different water sources, as evidenced by variations in oxygen isotope ratios of 
water. Based on the outcome of this study, recornmeendations are made on the practicality of pursuing a NA 
approach for the final disposition of the Northeast and Northwest Plumes and whether biological microcosm 
studies are warranted. 

1.3 REGULATORY OVERVIEW 

The Environmental Program at PGDP is driven by several laws and regulations. In general, these laws 
include the Resource Conservation and Recoveq Act (RCRA), Comprehensive Environmental Response, 
Comgensation, and Liability Act (CERCLA), Clean Water Act, Toxic Substances Control Act, and applicable 

Departmeat for Environmental Protection (KDEP) statutes. Although all of these regulations impact 
the Environmental Program at PGDP, CERCLA and RCRA and applicable state laws are considered to be the 
p h q  laws and regulations driving the investigation and remediation activities at the PGDP site. 

RCRA and corresponding state law requirements for PGDP are contained in two separate but related 
permits: Hazardous Waste Management Permit (HWMP), issued and administrated by KDEP, and the 
HazarQus solid Waste Authority (HSWA) Permit, issued and administrated by EPA. The HWMP and HSWA 
permits were issued on July 19,1991, and July 16,1991, respectively, and constitute the RCRA 

3 
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permits for PGDP. These permits include corrective action requirements for Solid Waste Management Units 
(SWMUS). 

EPA scored PGDP using the Hazardous Ranking System to determine the site's eligibility for inclusion on 
the National Priority List (NPL) as promulgated under Section 105 of CERCLA and 40 Code of Federal Register 
300 National Oil and Hazardous Substanm Contingency Plan (NCP). PGDP was listed on the NPL on May 3 1 , 
1994. Section 120 of CERCLA requires federal facilities listed on the NPL to enter into an Federal Facilities 
Agreement (FFA) with the EPA. A FFA for PGDP is currently being negotiated between DOE, EPA, and JCDEP. 

The EPA, DOE, and the KDEP are negotiating a FFA in conjunction with final listing of PGDP on the NPL 
of CERCLA sites. The FFA will ensure compliance pursuant to CERCLA, RCRA, and the NCP. A common goal 
of FFA participants is to ensure past releases fiom operations and waste management activities at PGDP are 
investigated and appropriate medial action is taken for protection of human health and the environment. 

The primary purpose of the FFA is to establish a procedural framework and schedule to investigate and 
d a t e c o n t a r m n a n t  ' releases at sites posing a threat to human health, welfare, and the environment. The FFA 
for PGDP will incorporate the site investigation process as initiated in accordance with the CERCLA 
Administrative Order by Consent and requirements stated in the EPA HSWA and Kentuclq H S W .  

1.4 SITE GEOLOGY 

The stratigraphy at PGDP consists of Cre$aceous, Tertiary, and Quatanary sediments which uncomfortably 
o v d e  Paleozoic bedrock Depth to bedrock is approximately 300 ft below ground surface (bgs). The sediments 
(Pleistocene age) are divided into two main facies: lower continental deposits and upper continental deposits 
(Figure 3). The lower continental deposits consist of chert gravel in a matrix of poorly sorted sand and silt. The 
depth of the lower continental deposits is approximately 60 to 100 ft bgs. Some gravels appear to have a limonite 
or manganese oxide coating (Clausen et al., 1995a). Chemical analysis of this material has not been performed 
to date. 

Overlying the lower continental deposits are the upper continental deposits which consist of clayey silt 
interspersed with discrete lenses of sand and gravel. Beneath these two units is the McNW Formation which 
can vary fiom clay to sand in composition. Detailed discussions of the site geology can be found in Clausen et 
al. (1992). 

1.5 SITE HYDROGEOLOGY 

Douthitt and Phillips (1991) developed five hydrogeologic units (€€Us) to explain groundwater flow at 
PGDP. Additionally, the HUs have been grouped together based on their hydrologic similarities. HU1 through 
HU3 are collectively ref& to as the upper continental recharge system (UCRS). HU4 and HU5 are known as 
the regional gravel aquifer [RGA] (Figure 4). The RGA also includes the upper portion of the McNairy 
Formation in hydraulic connection with the RGA. In descending order, the €€Us are: 
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Upper Continental Deposits 

HU 1 (UCRS): loess which covers the entire site. 

0 HU 2 (UCRS): discontinuous, but correlatable, sand and gravel lenses in a clayey silt matrix. 

HU 3 (UCRS): lower permeability clay layer that acts as a semi-confining layer for the RGA. The 
lithologic composition of this unit varies from clay to sand but is predominantly clay or silt. 

0 HU 4 (RGA): 
RGA. This unit is in hydraulic connection with HU5 and is included as part of the RGA. 

predaminantly continuous sand unit with a clayey silt matrix which directly overlies the 

Lower ContinentalDeposits 

HU5 (RGA): 
contaminant away fiom SWMU 2 and is the uppermost aquifer in the area of PGDP. 

gravel, sand and silt. This is the primary pathway for groundwater transport of 

The hydraulic cmductivity of sands comprising HU 2 and HU 4 are typically two orders of magnitude or 
larger than clays and silts which make up HU1 and HU 3 (Clausen et al., 1992). The HUs present a vertical 
profile of alternating hydraulic conductivities, and within each HU lateral heterogeneity also exists. The sand 
lenses within the UCRS, although laterally extensive, are not always continuous beneath PGDP. On the larger 
scale, sand lenses within the UCRS decrease in frequency towards the Ohio River. In contrast, the hydraulic 
conductivity of HU 5 is 3 to 5 orders of magnitude higher than 
W 2 or HU 4. Gromdw& flow through the UCRS to the RGA is primarily vertical due to extreme differences 
in the hydraulic conductivity of these two units (Clausen et al., 1992). 

The Ohio River is base level for the RGA, therefore groundwater flow is generally from south to north. 
However, flow directions in the RGA are highly variable and dependent on Ohio River stage and precipitation 
(Moore and Clausen, 1997). The RGA behaves as a semi-confined aquifer based on pumping tests (Terran, 
1990; and 1992; CH2M Hill, 1992; and Phillips, 1996). The potentiometric map of the RGA during the sampling 
peaiod is presented in Figure 5.  The hydraulic conductivity of the RGA based on aquifer and slug tests ranges 
fbm 0.62 to 7928 Wday ( T m  1990 and 1992; CH2M Hill, 1992; and Phillips, 1996) and appears to be scale 
dependent. The avexage hydraulic gradient for the RGA ranges fiom 0.0002 to 0.001 and is spatially specific 
(Mocxe a d  Ciausen, 1997). Efkdive pomity values of 0.2 to 0.3 are assumed to be representative of the RGA 
based on a measurement of 0.25 by McConnell(l992) and is consistent with the work by Freeze and Cherry 
(1979) for and gravel aqui.fim. The average thichess of the RGA is 30 A which yields a flow velocity of 
0.15 to 15.9 Wday with a mean of 1.3 Wday (Clausen ej al., 1995a). However, the thickness of the RGA can 
varyfiom5to50fk. 

1.6 SITE GEOCHEMISTRY 

The major ion chemistry of RGA water at PGDP falls into the bicarbonate classification with a pH in the 
5.4 to 7.7 range with a mean value of 6.3 (Clausen et al., 1992). Fryar (1997) corrected Eh measurements 
(CH2M Hdl, 1990 and 1992) for temperature which yielded values in the +113 to 6 8 0  mv range which is 
indicative of toxic conditions. 
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Figure 5. Potentiometric map for the RGA during May 1997 
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hub sampling data indicates dissolved oxygen (D.0.) values in excess of 0.5 mg/L as measured with 
a H ~ l a b m b d n m m t  using a flow through cell. Typical values in the RGA range from 2 to 8 mg/L indicating 
an aerobic environment. 

The- of amam, as discussed in Section 1 are TCE and Y c .  In general, TCE concentrations 
rangenearthe detectionlimit, 0.001 m&, at the distal portions of the plumes to near the solubility limit of 1,100 
I@L at the source (Clausen et al., 1995a and DOE, 1996). The source of both TCE plumes appears to be the 
C-400 buildilng located near the cater of the DOE facility (Laase and Clausen, 1997). A co-contaminant in both 
plumes is T c ,  a radionuclide, with a half-Me of 210,000 years. T c  levels range from the detection limit, 25 
pC&, at the periphery of the plumes to 40,000 pCi/L near the source for the Northwest Plume (Clausen et al., 
1995a and DOE, 1996). ?I’c in the Northeast Plume is limited to within the DOE fence boundary and a 
hypothesis is presented in Laase and Clausen (1997). Briefly, Laase and Clausen (1997) speculated that the 
source of the Northwest Plume is dense, naquems phase liqpid (DNAPL), which originated fiom the south side 
of the C-400 building, and now resides m the RGA. The T c  is fiom a decontamination water mllected in a tank 
located on the north side of C-400 which may have leaked or fiom a drainage ditch which received effluent water 
hm C-400. The Northeast Plume originates from residual DNAPL within the upper UCRS on the south side 
of C-400. 99’c is not present at elevated levels within the UCRS on the south side of C-400. A groundwater 
divide exists beneath the building due to leaking utility lines which prevents T c  from migrating from the north 
end of C-400 to the south end. 

The likely form of V c  at PGDP is as the pertechnetate anion based on a literature review, D. 0. 
measurements, and EWpH measurements fiom the site (Clausen et al., 1995b). The shortcomings of Eh 
measurements should be noted. The authors acknowledge the problem of internal disequilibrium as discussed 
by Stumm and Morgan (1981), Lindberg and Runnels (1984), and Thorstenson (1984). Secondly, the electrodes 
respond to few of the gemhemidly signiscant redox couples (Lovley et al., 1994). A plot of RGA potential-pH 
data with T c ,  comected for temperature, indicates most sample results fall in the TcO (OH), and TcO; fields 
(Clanen et al., 1995b). The breadth of the vertical variations in Eh is indicative of the lack of redox equilibrium. 
In any case, the redox conditions in general support the work of Gu et al. (1994) and Gu and Dowlen (1996) 
which found T c  is not transported as a colloidal particle, sorbed or complexed with natural organic matter in 
groundwater, or sorbed onto the aquifer matrix. Furthermore, the presence of T c  off-site to a distance of 3.1 
miles h m  the source is suggestive of a non-reactive solute. Thus, all of the data collected to date is suggestive 
that Tc0,- is the form OF Tc present at the PGDP site. Given the nature of TcQ and the work of Gu and 
Dowlen (19%) q c  is not expected to be retarded to any significant degree by the sediments at PGDP. Gu and 
Dowlen (1996) show T c  behaves essentially as an unreactive tracer at PGDP. 

2. GENERAL OVERVIEW OF NA 

EPA defines NA as the biodegradation, dispersion, dilution, sorption, volatilization, and/or chemical and 
biochemical stabilization of cmtaminants to effectively reduce contaminant toxicity, mobility, or volume to levels 
protective of human health and the ecosystem (NCP, 1996). The NA approach is not a no-action alternative but 
rather consists of a geochemical and biological evaluation coupled with modeling and long term monitoring. 
Additionally, regulatory approval for NA, in most cases, will require some form of source isolation or removal 
and a contingency “backup” remedy in the event the “selected” remedy fails to pedorm as anticipated NA is 
nmmmedd only when active d o n  is not practicable, cost effective, or warranted because of site specific 
conditions (NCP, 1996). Additionally, NA should not be considered a default or presumptive remedy at any 
contaminated site (Fields, 1997). The NA approach must reduce the concentration of contaminants in 

10 



gmdwakz to remediation goal levels in a reasonable time. Reasonable time is defined by the intended use of 
the groundwater resource but should be comparable to an engineered remedial approach @PA, 1997). 

2.1 PROTOCOL FOR NA EVALUATION 

A typical NA project to be presented to the regulatory agencies for approval would consist of the following 
activities; 1) sampling of wells for contaminants, geochemical, biological, and biogeochmical indicators, 2) 
microcosm studies fix aganiC ccmpmds and absoIption/ddesorption mechanistic studies for metals to determine 
kinetic rates, 3) installatian of monitoring wells along the axis and cross-gradient to the plume axis for mass flux 
calculations, 4) fate-and-transport modeling, 5 )  final NA report, and 6) long tenn monitoring. Key to an NA 
appmval is Qcumentatt 'on of a through review of site specific data and presentation of a site conceptual model. 
The fjnal NA report should include an exposure pathway and risk analysis along with mechanistic studies if NA 
is to be applied for metals or radionuclides. Additionally, evaluation of other remedial options in concert with 
NA must be presented @PA, 1997). 

In general, there are tbree lines of evidence used to evaluate NA. The primary line of evidence is a 
declining- * mass or amcentmticms of a given mcmitaing point The second line of ewidence is the type 
of NA by meaurhg geochmical pammekrs, such as D. O., nitrate, iron, sulfate, ammonia, carbon dioxide, etc. 
The final line of c v i h  is k x n  field micxocosm studies that demonstrate microbial activity and a rate sufficient 
for utilization of NA. The focus of this study is on the first two lines of evidence. 

2.2 BIODEGRADATION 

Three major processes whereby chlorinated aliphatic hydrocarbons are transformddestroyed is through 
reductive dechlorhation (electron acceptor reactions), aerobic mmetabohm, and direct oxidation. Electron donor 
reactions are a possible fourth process, but this mechanism has not been documented for the dechlorination of 
TCE. Mi- capable of aerobic metabolism will predominate over anaerobic forms if sufficient oxygen 
and an organic substrate is present @PA, 1996b). However, aerobic metabolism is very efficient resulting in 
rapid consumption of oxygen in contaminant plumes and subsequent creation of anoxic conditions. Although 
aerobic degradation rates may be fast, (i.e minutes); the rate of oxygen replenishment by groundwater flow is 
generally slow, (i.e. years). Thus, in many instances oxygen is limited, making reductive dechlorination the 
P- mechanism and most efficient for the destruction of chlorinated solvents under natural conditions. 

2.2.1 Electron Acceptor Reactions 

Electran acceptor reactions orredudive dechlopinatian are a natural process which have been demonstrated 
to occur at numerous field sites and in laboratory studies (Bouwer 1984; Freedman & Gosset, 1989; Vogel and 
McCarty, 1985). The process occus by sequential dechlorination of TCE to dicbloroethylene WE), vinyl 
chloride (VC), and ethene as illustrated in Figure 6. The ultimate 
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Figure 6. Reductive dechlorination pathway of TCE 
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pathways are dependent upon the environmental conditions at a given site but the predominant TCE byproduct 
is the cis-l,2dichlomhme (cis-l,2-DCE) isomer. The complete process can proceed along two pathways. The 
first pathway is complete dechlorination of TCE to ethene under anaerobic conditions. In this process, certain 
types of reducing conditions will result in transfer of an electron to the chlorinated hydrocarbon. 

Electron 
Acceptor 

Carbon Dioxide 

Sulfate 

Ferric Iron 

The electron accepting process has been described in detail by Chapelle et al. (1995) and can consist of 
a pattern of electron acceptors as exhibited in Figure 7. The pattern of electron acceptor consumption can 
provide insight into redox processes responsible for reductive dechlorination (Chapelle et al., 1995). 
Methanogenic and sulfate reducing processes tend to be the most efficient in dechlorination of chlorinated 
solvents pabk 1). -is is ideatifid on the basis of an accumulation of methane (Thorstmson et al., 
1979 and Baakker d d, 1988). Methane in groundwater can originate fiom two sources; microbial processes 
orthamogenic aigin. The presence of hydrocarbons such as ethane, butane, propane, or hexane with methane 
is an hdicatm of petroleum formation (Coleman et al., 1977 and Barker and Fritz, 1981). Microbial processes 
rarely generate hydroarbom higher than ethane (Barker and Fritz, 1981). In the case of sulfate reduction, 
e n h t h  ofsulfhte coIlsumpfion or sulfide production can be usefbl in iden-g the mechanism in operation 
('h&mwn et d, 1979 and Jackson and Patterson, 1982). The other two processes, iron and nitrate reduction 
are the least efficient and can be identified by the CoIlSumption of nitrate or accumulation of dissolved iron 
(Langmuir, 1969; Baedecker and Back, 1979; Bulger et al., 1989; and Chapelle and Lovely, 1992). 

Reaction Metabolic Reaction Mechanistic 

Anaerobic Methane Most Efficient Methanogenesis 

Anaerobic H2S I Sulfate Reduction 

Anaerobic Ferrous Iron I Iron Reduction 

Environment By-product Efficiency Process 

Table 1. Electron acceptor reactions 

oxygen 
~~ 

Aerobic CO, Least Efficient Oxidation 

I Nitrate I Anaerobic I N2,C02 I 1 I NitrateReduction I 

However, as pointed out by Cbapelle et al. (1995) termid electron acceptor patterns do not always clearly 
clefme the mdox praesses. Dissoluticm ar precipitation of electron acceptors with the geologic media can confuse 
the identification of the dominant microbiological processes. For example, sulfide is produced by reduction of 
subte which may react with hmus iron fanning a precipitate. Thus, increased sulfide levels may not be evident 
evea wbea sulfate reduction is Occurring. On the other hand, iron reduction results in the production of ferrous 
iron and d o n  with sulfides in the geologic media could result in precipitation of the ferrous iron obscuring 
the iron reductive process. Far this reason, Chapelle et al. (1995) recommends measuring hydrogen levels which 
are metabolic intennediarieS of anaerobic reduction processes. Hydrogen concentrations can be used to pin-point 
the dominant reductive mechanism (Chapelle and Lovley, 1992). 
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Figure 7. 
Terminal electron acceptor patterns for reductive dechlorination 
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The second electron transfer pathway involves complete dechlorination of TCE to VC under anaerobic 
conditions, followed by mineralization of VC under aerobic conditions. The dechlorination process results in 
accumulation of daughter products and increase in chloride ion concentrations. In all cases, a primary substrate 
is required (natural organic matter or hydrocarbon fbels) which serve as the carbon and energy source for 
microbial metabolism. 

2.2.2 Electron Donor Reactions 

Eleztran donor reactions or direct oxidation consist of the chlorinated hydrocarbon acting as the electron 
donor providing eaergy and carbon far the microorganism. The theoretical stoichiometxy for complete oxidation 
(mineralization) of TCE to carbon dioxide (COJ, water, ethene, and chloride is as follows: 

From this stoichiometric equation it is evident for every mole of TCE oxidized three moles of chloride are 
produced. Since many halogenated aliphatic compounds, such as TCE, are relatively oxidized they have few 
electrcms available for microarganisms to utilize for oxidation. Work by Murray and Richardson (1993) suggests 
mi- axe incapable of growth using TCE as the primary substrate under aerobic conditions, although 
McCarty and Semprini (1994) have reported reduction of VC under aerobic conditions in the laboratory. 
However, chapelle (1993) suggests there  ax^ no known microorgansims capable of using TCE as a sole electron 
or carbon source and this may explain the persistence of TCE and similar compounds in aerobic aquifer systems. 

2.2.3 Aerobic Cometabolism 

Another aerobic process is the cometabolism of a chlorinated hydrocarbon. Early work by Pearson and 
McConnell(l975); Hill et al. (1976); Rittmann (1980); Bouwer and McCarty (198 1); Bouwer et al. (198 1); 
Tab& et al. (1981); Bouwer and McCarty (1982); and Wilson et al. (1983) suggested chlorinated aliphatic 
hydrocarbons, such as TCE, were not degraded under aerobic conditions. None of these experiments were 
ccdwted with the addition of methane. Wilson and Wilson (1985) f is t  documented aerobic cometabolism of 
TCE with mebmtmphic bacteria in an aerobic soil column environment adding natural gas and oxygen. This 
was followed by results fiom other researchers obtaining similar results but only with the addition of an energy 
source such as methane (Bouwer and McCarty, 1983; Fogel et al., 1986; Barrio-Lage et al., 1987). These results 
explain the apparent confusion by many individuals in the enviromtal indusq on whether aerobic degradation 
of TCE is possible. Typically, methane oxidizing bacteria are found at the capillaty fiinge of a groundwater 
system (Hanson, 1980). 

The cometabolic reaction is initiated when methanotrophic microorganisms produce a methane 
monooxygenase eflzyme needed far methane reduction. A solvent present is in competition with methane for the 
oxidation site (Strand et al., 1990). The biological dechlorination of TCE results in a TCE epoxide which is 
further reduced to dichloroacetic and glyoxylic acid, carbon dioxide, and chloride (Little et al., 1988). In this 
process, methane is not completely broken down and thus tends to accumulate in the groundwater system. 
Although the aquifer system must have sufficient levels of methane present to facilitate this reaction (Little et 
al., 1988), too much methane has a negative eff& on the reaction (Lanzarone and McCarty, 1990; Oldenhuis 
et al., 1991; and Semprini et al., 1991). Cis-1,2-DCE and VC which are typically seen in anaerobic degradation 
are not produced in the cometabolic reaction with methane (McClellan et al., 1989 and Malachowsky et al., 
1994). However, scnne of the intenraediary d e w o n  products, such as carbon monoxide, have been suggested 
to inhibit TCE degradation in some situations due to their toxicity to microorganisms (Alvarez-Cohen and 
McCarty, 1991 and Henry and Grbic-Galic, 1991). This may explain why Merent cultures of bacteria have 
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varying successes in degrading TCE. A study by Broholm et al. (1993) found only three of eight cultures 
removed TCE at a suflicientrate to be measured The methanotrophic bacteria are attached to the aquifer matrix 
and degrade TCE sorbed to this d & e .  Ball and Roberts (1991) suggest the length of time TCE is sorbed onto 
the aqwfkr matrix, allowing the formation of residues difficult to desorb, may explain why aerobic degradation 
is not more common. 

The cometabolic reaction efficiency of TCE and cis-1,2-DCE was lower than trans-1,2-DCE and VC 
(Murray andRichardson, 1993: Vogel, 1994; McCarty and Semprini, 1994; and Hopkins and McCarty, 1995). 
Rates of umetabolism increase as the degree of dechlorination decreases (Vogel, 1994). The more chlorinated 
compounds, such as TCE, can be toxic to some microorganisms depending on the TCE concentration levels 
(Oldenhuis et al., 1989). Additionally, the removal efficiency of TCE decreased with increasing TCE levels, 
although with the addition of phenol a maximum transformation concentration of 1400 pg/L might be obtained 
(Hopkins and McCarty, 1995). Strand et al. (1990) derived a rate constant of 3.7 x lod IJmg for TCE 
degradation at a concentration of 3 mg/L. The activity of the methanotrophic culture ceased at a concentration 
of 7.7 mg/L TCE (Strand et al., 1990). Malachowsky et al. (1994) found individual isolates could not degrade 
TCE at concentrations greater than 10 mg/L and bacterial mixtures were limited to 150 mg/L, which is 
approximately ten percent of the solubility limit of TCE. Mu and Scow (1994) found similar limits for TCE 
degradation near 50 mg/L, suggesting at certain levels TCE becomes toxic to the microorganisms. For 
comparison, TCE levels in the core of the Northwest Plume as far as the DOE property boundary exceed 20 
mg/L. 

2.3 CONTAMINANT DISAPPEARANCE 

One of the methods to consider whether NA plays a significant role in contaminant reduction is by looking 
at contaminant wncentrations along the axial flowpath of the plume. A single flow line is picked out 
downgradient of a source and traced out. A suitable selection of monitoring wells was available for the Northwest 
Plume, however the location of available monitoring wells in the Northeast Plume did not allow a proper axial 
transed Therefore, the analysis of NA for the Northeast Plume may be affected by the non-ideal placement of 
monitoring wells. Another approach is to evaluate contaminant concentrations within a given well. If 
concenMons decline with time, then a giva plume may be a candidate for NA. Also, if concentrations decrease 
with increasing distance from the source then a given plume is a possible candidate for NA. Declining 
concentrations do not prove Contaminants are being destroyed since the observed reduction maybe the result of 
factors such as advection, dispersion, dilution, sorption, etc. 

The role of sorption of T c  at PGDP was evaluated by Gu and Dowlen (1996) who found no measurable 
evidence for the sorption or precipitation of wTc onto RGA sediments. Thus, the measured partitioning 
coeffkcieut (IQ for ?k was less than 0.01, which yields a retardation factor of 1 .O, i.e. no significant retardation. 
Essentially, T c  behaves as a conservative tracer at PGDP. Similar studies evaluating TCE sorption onto 
sediments at PGDP have not been performed. Previous work by CH2M Hill (1990 and 1992) and Clausen et 
al. (1993 and 1995a) derived a TCE & of approximately 1.0 based on measured fiaction of organic carbon (f,) 
values of 0.001 to 0.002. The I<d approach assumes a sorption partitioning coefficient is concentration 
indepetadent Nonlinear organic solvent sorption isotherms in low f, aquifer sediments has been documentated 
by Curtis et al. (1986) and Ball and Roberts (1991). Recent work by Allen-King et al. (1996) indicates the & 
technique significantly under predicts sorption. This observation has also been nofed by other researchers for 
low carbon aquifix systems (Curtis et al., 1986; Piwoni and Banerjee, 1989; Ball and Roberts, 1991; and Ball 
and Roberts, 1992). Thus, sorption of TCE onto clay particles at PGDP within the RGA may have been 
sil@w- * in the previous work by CH2M Hill (1990 and 1992) and Clausen et al. (1993 and 

16 

505321 



1995a). Allen-King et al. (1996) have reported sorption underestimates for solvents as high as a factor of 20. 
Therefore, Sorption of TCE may play a more important role as an attenuating mechanism in the RGA at PGDP 
than previously believed. 

Fryar (1997) reports evidence for discharge of RGA water into surface water near the Ohio River. 
Dispersion and dilution could be a sigmficant mechanism once the plumes discharge into the Ohio River. 
Caldations perfbrmed indicate TCE levels will be well below current analytical methodologies (Clausen et al., 
1995a). Surface wa.ter bodies present such as lake sediments and wetlands may also have conditions suitable 
for anaerobic processes (Mitsch and Gosselink, 1993; and Pardue et al., 1993; Chiang et al., 1997; Fryar et al., 
1997). However,amaresignificantmechamm would be volatilization of TCE owing to its high vapor pressure. 
A change in redox chemistry has the potential for sorption and reductive dechlorination of TCE as well as 
sorption and precipitation of 99'~. Additionally, phytoreduction of contaminants such as TCE and 
hypoaccumulation and immobilization of metals has been documented. 

Solute plumes stabilize due to precipitation, sorption, diffiion, advection, dispersion., dilution and 
biogeochmical transformations. Dilution results from both mechanical mixing and molecular diffusion. 
Dispersion is a multidirectional process with vertical and transverse dispersive processes being less than 
longitudinal processes which results in the typical long and nmow plumes, such as the ones at PGDP. The 
concept of plume stabilization was presented by Clausen et al. (1995a) for the Northwest Plume and is based on 
a TCE and 99Tc concentration k l j ne  with distance. The concept assumes that eventually a point is reached that 
the flux rate fhnn the source is equivalent to advective processes at the leading edge of the plume. An example 
of a stable plume in an advective flow field is smoke or steam emanating fkom stack emissions. Clausen et al. 
(1995a) predicted the Northwest Plume would stabilize at a distance of approximately 14,000 ft fiom the source 
based on the TCE concentration decline in the plume. Computer modeling by Solomon (1995) yielded an 
estimate of less than 20,000 ft for plume stabilization to occur. The concept of groundwater plume stabilization 
as an indicator of NA has only been recogNzed in the past several years based on the study of hundreds of 
petroleum hydrocarbn plumes (Nyer and Gearhart, 1997). 

Other trending methods m to evaluate the concentrations of a contaminant fkom a well located within the 
amhnbnt plume. Trending analysis provides more robust results with increasing observations and length of 
time. In general, monitoring wells in a plume considered to be a candidate for NA, exhibits stable or declining 
levels of the contarmnant. Although seasonal variations in concentration levels are expected, over a time period 
of years, the overall trend should be downward or a stabilized concentration level should be apparent. If 
Contamioant concatrations in a given well are increasing with time, then the plume is not a candidate for NA 
(EPA, 1997). 

2.4 
PRODUCTS 

LOSS OF ELECTRON ACCEPTORS AND ACCUMULATION OF DEGRADATION 

Wiedeareier et al. (1996) developed a screening criteria for assessing the viability of biodegradation as an 
NA process through the analysis of geochemical as well as biological parameters. The application of the 
saeeningpmcess coIlsists of sampling wells along the centerline of the plume, upgradient of source, immediately 
downgradient of source, and downgradient of the plume for the geochemical parameters in Table 2. One 
approach to evaluate biodegradation is by indirect evidence such as the 1) decline in parent concentration and 
increase in metabolic byproducts along the flow path. Additional evidence used is the 2) presence and 
concentrations of electron accepfors and donors. This information can also be useful if bioagumentation of 
Organic solvent plume is cansidered in addition to NA or as a stand alone technology. Wiedemeier et al. (1996) 
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developed a guideline to assess the biodegradation potential using the criteria in Table 2. The criteria uses a 
ranking system to estimate the potential for reductive dehalogenation (Table 3). If analysis of a site is 
inconclusive for steps one and two, then 3) laboratory andor field microcosm studies may be warranted. In 
general W i m a  et al. (1996) manmend steps one and two be performed first and then step three, if needed. 
The drawback of mi- studies is the cost, as well as the length of time to perfonn a thorough rate study (6 
to 18 months). Additionay., there are some questions to the applicability of laboratory generated biodegradation 
rates for estimating field or “in-situ” rates. 

2.5 ADDITIONAL MONITORING PARAMETERS 

Analysis of geochemical parameters for evaluation of the NA of metals and radionculides is still in its 
infancy. To date, no published guidelines exist to direct anNA evaluation However, similar observational trends 
exhibited by organic compounds may be applied to the metals. The analysis can include evaluation of 
COOCenff8fiOil trends along the axis of a plume, as well as from monitoring wells located within the plumes. One 
of the key ccmpments in evaluating NA for metals is iden-g the metal form of the contaminant, associated 
sorptioddesorbtion kinetics, and bioavailability. 

3. FIELD AND ANALYTICAL METHODS 

The NA criteria discussed in Section 2 shaped the approach used in this study. A total of 15 wells were 
sampled as part of the NA study on May 12 through 15,1997 (Figure 2). The sampling locations include six 
wells in theNorthwest Plume, five wells in the Northeast Plume, two wells which serve as the source of both the 
Northwest andNarkast Plumes (one each., in the UCRS and RGA), and two background wells. Fourteen of the 
wells ~IE completed in the uppennost aquifer of interest, the RGA. Two wells are completed in the UCRS near 
the source areas. Monitoring well MW262 was sampled twice and served as the duplicate. The location, distance 
fiom source, and depth are presented in Table 4. The selection of well sampling locations was patterned after 
the recommended approach in Wiedemeier et al. (1996). 
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Table 2. Screening criteria for an NA assessment for chlorinated solvents 

concentration in Interpretation 
Most 

Contaminated 
Zone 

< 0.5 mg/L 
> 1 m g L  

Higher concentrations suppress reductive pathway 
VC may be oxidized aerobically 

Value 

3 
-3 

Analysis 

>lmg/L 
< 20 mg/L 

Reductive pathway possible 3 
Higher concentrations may compete with reductive 2 
Pathway 

> 20 mg/L 
> 20 OC 

Carbon source for biochemical pn>cesses 
At T > 20 "C biochemical processes accelerated 

2 
1 

> 2X Background 
> 2X Background 
> 2X Background 

Ultimate oxidative daughter product 1 
Interaction of CO, with aquifer matrix 1 
Daughter product of organic chlorine 2 

> 0.1 mgL 

> 0.1 mg/L 

> 0.01 mg/L 
> 0.1 mg/L 

Intermediate of biodegradation 2 

Drives dechlorinatim 2 

Daughter prodict of TCE 2' 
Daughter product of DCE 2' 
Daughter product of VClethene 2' 

3' 
Daughter product of VC 2" 

Material Released 

I <lrng/L Highex concentrations may compete with reductive I pathway l 2  

I= Sulfide 

I Methane 
< 0.5 mg/L 
> 0.5 mg/L 

vc oxidizes I VC accumulates l 3  
I Eh 

< 50 mV 
< -100 mV 

Reductive pathway possible I Reductive pathway likely I :  
Optimal range for reductive pathway I Outside optimal range 

0 I -2 

I CarbOnDioxide 

I Chloride 
Reductive pathway possible I vc oxidized 

Volatile Fatty I Acids 
I BTEX 
I TCE 
I cis- 1 ,2-DCE' 
I VC' 

I Ethenen2thane' 

1 -  2' I Daughter product of TCE 
Points awarded only if the compound is a daughter product and not a constituent of the source DNAPL. 
Modified fiom Wiedemeier et al., 1996. 

' 
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Table 3. Potential for anaerobic bioremediation 

30’- 35 

ScOre I Interpretation 

0 

I Oto5 I Inadequate evidence for biodegradation of chlorinated organics 1 
I 6 to 14 I Limited evidence for biodegradation of chlorinated organics I 

15to20 Adequate evidence for biodegradation of chlorinated organics 

Strong evidence for biodegradation of chlorinated organics I > 20 

Table 4. Summary of monitoring well information 

unit 
Monitored 

Location 

Immediate Vicinity of NW and NE Plume 
source, (2-400 

I MW157 UCRS 

I MW155 
top RGA 0 

63-70 I Immediate Vicinity of NW and NE Plume 
source, c-400 

I MW262 base RGA I 90-95 1750 Within NW Plume, Downgradient C-400 
SOWCX, Upgradiat C-749-A Source 

UCRS 21.6 -26.5 I 0 Immediate Vicinity of C-749-A Source 
~ _ _ _  

top RGA 
~ ~~ 

55.2 - 60.2 I 3000 Within NW Plume, Downgradient C-400 
Source and Immediate Vicinity of C-749-A 
source 

I MW248 top RGA 65-75 I 4500 Within Nw Plume 

I MW233 top RGA 69-79 I 11,500 Within NW Plume 

top RGA 57.4 - 67.4 I 16,250 Leading Downgradient Edge of NW Plume 

RGA 1575 
67-97 I Within NE Plume and Immediate Vicinity of 

possible C-333 Source 
Within NE Plume and Immediate Vicinity of 
possible Kelloan Source 

b&RGA ~ 

I MW193 top RGA 58-63 I 6500 Downgradient Lateral Periphq of NE Plume 
I MW124 base RGA 55-65 I 7500 Within NE Plume 
I M W l O O  top RGA 77-87 I 14,000 Leading Downgradient Edge of NE Plume 
I MW103 RGA 79.5-89.5 I Background Background 
I MW194 RGA 46.9-51.9 I Background Background 

3.1 FIELD SAMPLING METHODS 

All of the monitoring wells are constructed of stainless steel and are 2 in. in diameter. The majority of 
wells have a 5 ft screen as seen in Table 4. All of the monitoring wells are equipped with dedicated Well 
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WizardLM bladder pumps and packem. Each well is packed off just above the well screen to avoid unnecessary 
purging of water. The packed off zone, usually 5 ft in length, is purged three times. Packers allow for the 
collectian ofa water sample direct& fiom the formaton and avoids mixing with the stagnant water column above 
the well screen. Low-flow purging and sampling methods, flow rates of less than 200 dminute, were utilized 
duringtheproject. Low flow rates have been documented to minimize the disturbance of the water sample and 
result in less suspension of solids in the water, which can effect reported metal concentrations (Kearl, 1993). 

Water samples for anion and alkalinity analyses were collected untreated in 500-mL polyethylene bottles. 
Volatile Organic Analytes (VOAs) were collected in pre-acidified amber 40-ml VOA vials having septum top 
lids. =Tc samples were collected in 250-ml polyethylene bottles. Samples for oxygen isotope analysis were 
collected untreated in 30-mL polyethylene bottles. Carbon isotope samples for dissolved inorganic carbon 
analysis were collected in 10-mL vacutainers. Samples for carbon isotope analysis of TCE were collected in 
20-mL crimp-seal EPA vials. Samples for chlorine isotopic samples for analysis of TCE were collected in 
prsevacuated 35eniL scbe;nk tubes having Teflon valves. All samples were placed in a cooler, with ice packs, 
for transport to the laboratory and then stored in a refiigerator in the laboratory at 4" C prior to analysis. 

3.2 ANALYTICAL METHODS 

The parameters adyzed, &a sampled, and required reporting limits are presented in Table 5.  A single 
qumtifition limit is possible for most samples and is based on the method utilized for analysis, except for the 
volatile organic compounds (VOCs). The quantification limit for VOCs is dependent upon the TCE 
concentration level and the need for dilution of the sample. 

The pammetms measured in the field include depth to water, temperature, pH, D.O., specific conductance, 
Eh, hydrogen sulfide, ammonia, total and femc iron. Temperature, pH, D.O., and specific conductance were 
measured with a Hydrolabm sampling device with a flow through cell. The flow through cell should minimize 
the introduction of oxygen to the sample. Good comparison between the Hydrolabm and gaseous extraction 
method for D.O. indicated the flow cell minimized the introduction of atmospheric oxygen to the sample. A 
second set of analysis for temperature, pH and Eh were collected in the field using a portable Orion meter by 
Argonne National Laboratory (ANL). The Orion meter utilizes a platinum electrode for Eh analysis. The pH 
numbers reported in this study are those collected with Hydrolabm and an enclosed flow-through cell. The water 
samples have significant levels of CO, and exposure of the samples to the atmosphere resulted in degassing of 
C02 and subsequent increase in pH values. Therefore, the pH values obtained with the Hydrolabm were 
reported. Hydrogen sulfide, ammonia, and total iron concentrations were analyzed in the field using Hach test 
kits. (Hach, 1992). 

The parameters measured by ANL included nitrate, chloride, sulfate, oxygen isotope ratios in water, carbon 
isotope ratios in DIC, carbon isotope ratios in TCE, and chlorine isotope ratio analysis of TCE. The anions 
(nitrate, chloride, date) were analyzed by ion chromatography using a Dionex system. In addition, a gaseous 
errtractian technique was utilized to measure gas phases of D.O., CO,, hydrogen, methane, nitrogen, and argon. 
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Table 5. Parameters and reporting limits for the NA study 

DH 
T~~~ 
D.O. 

Sulfate 

Water NA 
Water 1" F 
Water 0.1 m a  

The xqxxting limit for these compounds varies depending upon the Concentration of TCE and the laboratoiy 
doing the analysis. The cis-l&DCE and VC were analyzed by two methods to obtain a low quantification limit. 

Oxygen isotope ratios in water were measured using the CO, equilibration method of Kishima and Sakai 
(1980). Analytical precision of the isotope ratios was 0.02 units per mil. Carbon isotope ratios in DIC were 
measured after CO, hhxation using phosphcnic acid (Holt et d., 1995). Analytical precision of the isotope ratios 
was 0.02 Ut l i tS  per mil. 

For carbon isotope ratio analysis, TCE was extracted from water samples using solid-phase 
mi- 'on. Carban isotape ratios in TCE were then measured by gas chromatography-combustion- isotope 
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ratio mass spectrometry using a VG Optima system. Analytical precision of the carbon isotope ratios ranged 
from 0.03 to 0.08 units per mil. 

For chlorine tsdope ratio analysis of TCE, the TCE was stripped from the water using a vacuum extraction 
technique (Hot et al., 1995). TCE was then sealed in a pyrex combustion tube with CuO and combusted at 550" 
C for two hours, following the method of Holt et al. (1997). Combustion products included CuC1, that was 
distilled away fiom the residual CuO at 700" C and then reacted with CHJ to produce CQCl. CQ C1 was 
purified by cryogenic distillation and then introduced into a VG Prism Series I1 gas-source isotope ratio mass 
spectrometer. Analytical precision of the chlorine isotope ratios ranged from 0.02 to 0.05 units per mil. 

Volatile umpomds were analyzed by LMUS using RCRA method 8260, purge-and-trap, with a Hewlett 
Packard gas chromatograph/mass spectroscopy, model 5790, with a megabore 0.53 x 60 m capillary column. 
The quantifkation limit for the undiluted water samples is 0.001 mg/L for TCE. Samples with elevated levels 
of TCE will have a higher quantification limit for the other VOCs analyzed due to the need of dilution, and this 
level will vary dependmg on the TCE concen@on level. To obtain a lower quantification limit for cis- 1,2-DCE 
and VC a split sample was sent to an onsite laboratory run by Camp Dresser McKerr (CDM) for analysis using 
a purge-and-trap gas chromatograph with a electrolytic capture detector following EPA Method 8010. A 
quantification limit of 0.001 and 0.003 mg/L was obtained for cis-1,2-DCE and VC, respectively. 

T'c was measured by LMUS using a modified EPA Method 900, liquid scintillation counting, following 
methylethylketone extraction. The quantification limit for *Tc is 25 pCi/L. 

4. QUALITY ASSURANCE/QUALITY CONTROL 

All sampling performed in accofdance with medium-specific procedures followed the PGDP Environmental 
Restoration and Enrichment Facilities Field Operations Procedures Manual (MMES, 1993). These procedures 
are consistent with the LMES Environmental Surveillance Procedures (Kimbrough et al., 1990) and the EPA 
Region IV Standard Operating Proceduress. 

4.1 GROUNDWATER SAMPLING 

Field quality control (QC) sampling was conducted to check sampling analyt~cal accuracy and precision 
for both laboratory and field analyses of collected samples. Three different types of field QC samples were 
collected during implementation of the investigation: trip blanks, field blanks, and field duplicates. One well, 
MW262, was sampled in duplicate. 

A trip blank consisted of a sealed container of ASTM Type I1 water prepared in the laboratory. The trip 
blank traveled with samples collected in the field and was transported to the laboratory for VOCs analysis. Trip 
blanks are used to identify contaminants, specifically VOCs, originating during transport of the samples fiom 
the field. One trip blank accompanied each cooler of samples to the field laboratory. 

A field blank consisted of a d e d  container of ASTM Type I1 water that traveled with the sample bottles 
into the field One field blank was collected during the course of the study. The field blank consisted of a 40-mL 
VOA vial filled with deionized water in the laboratory. The vial was taken to the field where the cap was 
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removed far a briefperiod and replaced. Each vial was properly labeled and returned to the field laboratory for 
analysis. 

A field duplicate was collected along with a field sample and placed into a separate set of containers labeled 
with a different sample number. One field duplicate was submitted “blind” to the laboratory and used to indicate 
whether the field sampling technique was reproducible and to ensure the accuracy of reported laboratory results. 

Field documentation maintained throughout the investigation consisted of various types of documents 
including a site logbook, field logbook, sample labels, sample tags, chainsf-custody forms, and field data sheets. 
Sample identification, numbering, and labeling was performed in accordance with PGDP Field Operation 
Procedure CP4-ER-SAM2001. Field documentation codormed to PGDP CP4-ER-Al lOl. Additionally, 
cunparisanS were made between data collected in this study (Appendix A) and historical data for the same wells 
(Appendix B) with no notably discrepancies. 

4.2 ANALYTICAL PROTOCOL 

The CDM onsite gas chromatograph was calibrated using standards of 5,10,20,40, and 80 ppb using a 
correlation coefficient of 0.995 or greater. Cis-1,2-DCE and VC samples were analyzed undiluted. The 
following laboratory QC samples were run: laboratory duplicate, laboratory blank, and continuing calibration 
check. Laboratory quality control criteria followed those specified in KY/EM- 1 10, Rev. 1 , Field Laboratory 
QuaZity Assurance Plan. 

5.0 DISCUSSION AND RESULTS 

5.1 GENERAL GROUNDWATER GEOCHEMISTRY 

The general groundwater characteristics for both plumes as measured in this study are: pH, 5.7 - 6.8; Eh, 
+120 to +280 mV; D. O., 1.0 - 7.9; bicarbonate, 99 - 35 1 mg/L; chloride, 3 - 120 mg/L; sulfate, 5.5 - 115 mg/L; 
nitrate, < 0.5 - 50 mg/L; total iron< 0.3 - 7.0 mg/L; hydrogen sulfide (€I$), < 0.01 - 0.04 mg/L; and ammonia, 
< 0.1 mg/L (Append= A). The D.O. and Eh values are consistent with an aerobic aquifer system. Background 
D.O. levels were measured at 3.1 and 4.9 mg/L. However, there may be micro environments of oxic-limited 
conditions within the RGA, such as near Mw255, which exhibited a D.O. value of 0.7 mg/L. Similar conditions 
may exist in the UCRS as demonstrated by a D.O. level of 1.0 mg/L at MW187. Micro sites capable of 
supporting strict anaerobes were postulated for an aerobic column experiment evaluating TCE degradation 
@ h e n  et al., 1994); similar conditions seem plausible for aquifer systems. 

Clausea et al. (1993 and 1995a) previously discussed the low D.O. levels at MW187, as well as elevated 
cis-lY2-DCE and VC levels as compared to TCE, which were postulated to be suggestive of an anaerobic 
environment suitable for dechlorination of TCE. Historical records indicate this area was used as a fire training 
area, and an incinerator was also located nearby (DOE, 1997). These activities may have resulted in a suitable 
carbon source for anaerobic microorganisms present at the site to utilize. Electron acceptor reactions require an 
energy source for the degradation of the chlorinated aliphatic organic compounds. However, microbiological 
activity doesn’t necessitate the reduction of a contaminant and may explain why other UCRS wells at PGDP don’t 
exhibit any specific degnuhon of TCE. As discussed in Section 2, microbiological activity can occur in aerobic 
as well as anaerobic conditions or change an aerobic environment to anaerobic one. The microbiological 
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reducticmofawnhmmmt is dependent on a numbex of geochemical parameters which act as energy sources and 
nutrients. 

Elevated CO, levels in RGA groundwater samples suggests biological activity is present in the RGA and 
is resulting in the consumption of oxygen and generation of CO,. The latter may occur by oxidation of natural 
soil organic mated, abiotic processes, or by both. A plot of oxygen versus bicarbonate indicates D.O. decreases 
as bicarbaaate inrreases (Figm 8). Furthermore, pH values for the RGA are slightly acidic even in background 
loca t i~ .  A plot of D. 0 vezsus nitrogen indicates a loss of oxygen, presumably via microbial respiration (Figure 
9). Groundwater without microbial activity would plot within the temperature indicator field. All of these 
indiatom suggest aerobic microbiological activity. However, not all microorganisms are capable of degradation 
of TCE. 

The presence of D.O. in excess of 1 mg/L indicates metabolic processes may be nutrient limited or active 
r e p l e  of oxygenated water is d g ,  or both. Previous age dating of the RGA at the Northwest Plume 
using tritium/helium techniques suggested veay old "pre-bomb" water or very young groundwater (Clausen et al., 
1995a). The previous age dating results, combined with this study, suggest the RGA may consist of recently 
recharged water. This observation appears to conflict with the site lithology, i.e. relatively low to moderate 
permeability clays and sand lenses with hydraulic conductivities in the range of 10 to 10-8 a d s .  However, 
presence of fractures could be an avenue allowing for rapid recharge of groundwater. Clausen et al., 1993 
postulated fractures may play an important role in contaminant transport at PGDP. Furthermore, Laase and 
Clausetl(1997) cmdwted amodeling exercise which indicated industrial recharge fiom leaking utility lines may 
play a role in contaminant transport. 

5.2 CONTAMINANT GEOCHEMISTRY 

The contaminant chemistry profile within the Northwest and Northeast Plumes is reported in Clausen et 
al. (1993 and 1995a) andDOE (1996). As reported in Clausen et al. (1995a) the Concentration of TCE and ?c 
within the Ncxthwest Plume declines with distance and may suggest steady-state conditions based on eight years 
of monthly to qyartdy data. However, data fiom wells MW66, R2, and R113 (not reported) located within the 
core of the Northwest plume exhibited increasing concentration trends for TCE starting in 1994 (Figures 2,10, 
aad 11). Monitoring wells R2 and R113 are located near the center of the Northwest Plume where it intersects 
0- Iandmg Road (Figure 2). The intra-well increasing concenffafion trends suggest the core of the Northwest 
Plume is migrating northward. Based on current flow velocities, 1.3 ft/day, TCE levels greater than 5 mg/L 
should Teach the narthem extraction well field within five years. Furthermore, TCE and T c  levels in excess of 
10 mg/L and 2500 pCi/L, respectively should reach the northern well field in ten years. However, a factor 
compli- the analysis are two extraction well fields in the Northwest Plume which began pumping in the fall 
of 1995. All other wells located in the Northwest Plume exhibit no increasing or decreasing contaminant 
COllcenffELfion bends, although the wells do exhibit seasonal changes (Clausen et al., 1993 and 1995a). As 
discussed in Section 2.3, the distal portion of the Northwest Plume has stabhaxi, however the hotspot has not 
reached equilibrium. Monitoring wells within the Northeast Plume (most were installed in 1995) have an 
insufficient sampling record to make a similar evaluation of concentration through time. 
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Figure 8. 
The relationship of dissolved oxygen to bicarbonate 
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Figure 10. The level  of TCE and 99Tc within the Northwest Plume at 
MU66 over time 

TCE (ug/L) 8 Tc-99 (pCi/L) 

I 

NOV-87 

Mar-88 

Jul-88 

Nov-88 

Mar-89 

Jul-89 

NOV-89 

Mar-90 

Jul-90 

Nov-90 

Mar-91 

JUl-91 

,1 Nov-91 
3 
A Mar-92 
3 
2 Jul-92 

(D 

rc 
3 u) 

0 
2 NOV-92 

$ Mar-93 
Y 

Jul-93 

NOV-93 

Mar-94 

Jul-94 

NOV-94 

Mar-95 

Jul-95 

NOV-95 

Mar-96 

J u 1-96 

NOV-96 

Mar-97 

4 
0, 4 a, (D 0 

0 0 0 
0 
0 0 0 0 0 

0 0 0 0 
0 0 

P VI 
0 0 

N w 
0 0 0 
0 0 0 0 0 

0 0 0 0 0 0 

A 

28 

505333 



Figure 11, The level of TCE and 99Tc within the Northwest Plume at R2 over time 
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Cis-1,2-DCE was detected in a number of RGA wells. Spatial mapping of the data indicates a general 
decline with distance fiom the source. However, the geochemical parameters to be discussed in Section 5.5 are 
not consistent with active anaerobic biodegradation of TCE. There is a lack of later stage degradation products 
(VC, ethene, ethane, and chloroethane) which are usually associated with anaerobic biodegradation (Appendix 
A). F u r t h m ,  cis-l&DCE is not a constituent typical of aerobic degradation of TCE, as discussed in Section 
2.2.3. Thus, the presence of low levels of cis-1,2-DCEY 
< 0.0 1 mg/L, may suggest very limited anaerobic degradation. 

5.3 ISOTOPIC GEOCHEMISTRY 

Isotopic composition is reported in per mil deviation from an isotopic standard reference material using 
the conventional b notation: 

(2) b = (&JR&&.d)-l) x 1000 

where 

R = is the isotopic ratio e.g. (13C/12C or 37CV3sCl). 

The isotopic standard reference materials are Pee Dee Belemnite (PDB) for carbon (Craig, 1957), standard mean 
ocean chloride (SMOC) for chlorine (Lang et al., 1993), and standard mean ocean water (SMOW) for oxygen 
(Craig, 1961). Oxygen isotope ratios of water 6l80 from PGDP range from -5.8 to -4.9 per mil. This is a fairly 
narrow range compared to the typical annual range for the isotopic composition of precipitation at a given 
continental l d o n .  For example, the annual range of 6180 values in precipitation at Chicago, IL vary from -19 
to -2 per mil (Dansgaard, 1964). There is no obvious systematic spatial variation of the 6l80 values in PGDP 
groundwater, and therefore no indication of isotopically distinct recharge sources for the RGA at the site. 

There are few published data for stable isotope ratios of chlorinated solvents. Van Warmerdan et al. 
(1995) show arange of blT values fiom -37.2 to -23.3 per mil and a 637Cl range fiom -3.5 to 6 . 0  for samples 
of perchldylene,  TCE, and trichloroethane fiom various manufacturers. Holt et al. (1997) provide a range 
of bI3C values fiom -58.1 to -24.1 per mil and a range of 87 C1 values fiom -2.9 to +1.6 per mil for eight 
chl- solvents. The TCE samples collected at PGDP by ANL for isotopic analysis proved problematic for 
carbon isotopes due to unanticipated high levels of CO, that interfered with the analysis; insufficient sample 
volume remained for re-analysis. The ANL sampling procedure has been subsequently improved to allow for 
the separation of TCE from dissolved CO,, but resampling was not performed for this study. However, carbon 
isotope ratios of TCE samples at PGDP were determined by gas chromatography-combustion-isotope ratio mass 
spectrometry using an alternate method which requires substantial less sample volume and yielded results ranging 
from -30.4 to -26.7 per mil. These 6I3C values for TCE were obtained fiom Memorial University using an 
untested sampling method (in crimp-seal EPA-type headspace vials) and therefore should be used with caution, 
because of the possibility of isotopic fractionation by interaction with the container materials. The data is not 
considered further in this report. 

Carbon isotope ratios of dissolved inorganic carbon (DIC) at PGDP were measured using a phosphoric 
acid liberation method (Holt et al., 1995). The resulting 613C DIC values range from -15.4 to 
-20.0 per md, and decrease with increasing bicarbonate concentrations (Figure 12). Ths relationstup indicates 
bicarbonate may be derived from microbial CO, production fiom organic material in the aquifer having a 
relatively low 813C value near -28.0 per mil. 
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Chlorine isotope ratios of TCE (6”Cl) and dissolved inorganic chloride were determined by the method 
of Holt et al. (1997). The resulting 637Cl values range from -1.0 to +2.0 per mil for TCE and +0.3 to +1.4 per 
mil for chloride. Microbial activity and possible TCE degradation is suggested by the negative conelation of 
D.O. with 6”Cl of TCE (Figure 13). As the D.O. level decreases the3’8 Cl of TCE increases suggesting 
consumption of oxygen by bacteria and reduction of TCE. As TCE is reduced, C1 ions are liberated by the 
breakage of the chemical bonds. Furthermore, a plot of normalized 637Cl of TCE versus normalized TCE 
concentration shows increasing 637Cl with decreasing TCE concentrations, which is consistent with isotopic 
fi.actionatian caused by TCE degradation (Figure 14). Two populations are evident and the group with 837C1 of 
TCE greater than 1.5 per mil are all fiom wells located along the periphery of both plumes, whereas the group 
with 637Cl of TCE values less than 1 per mil are all from wells located within the centroid of the plumes. 
Correspondmgly, the COIlcenttation of TCE within the centroid of the plumes is higher than along the periphery. 
The results suggest that most degradation of TCE is occurring along the periphery of the plumes, but not within 
the hotspot. The variation in chloride isotope ratios could also be explained by changes in the isotopic signature 
of the source with time. However, this would seem to be a rather fortuitous occurrence. Further information can 
be gleaned h m  the 637Cl values of TCE by comparing them with 637Cl of dissolved inorganic chloride. (Figure 
15). The 637Cl value of dissolved inorganic chloride in the representative background well (MW- 194) is +l. 1 
per mil. Water samples mlleeted near the source of the plumes show a significant contribution of chloride having 
relatively low 637Cl values. As the plume is dispersed, the relative contribution of TCE-produced chloride is 
small compared to the background chloride. 

5.4 GASEOUS GEOCHEMISTRY 

Hydrogen data for PGDP groundwater contraindicates anaerobic reduction of TCE. Hydrogen was 
measured by ultrasonic gaseous extraction at ANL using the method of Holt et al. (1995) with a detection limit 
of 0.22 nM. Hydrogem was sampled fiom wells in both plumes and was reported to be below the detection limit 
for all samples. Merent  anaerobic reduction processes give rise to different hydrogen levels (Lovley et al., 
1994). Chapelle et al. (1995) describe how the rate of hydrogen production and consumption can be utilized as 
a single indicator of the reductive microbial mechanism. Typically, hydrogen concentrations less than 0.1 nM 
are indicative of nitrate reduction in anaerobic groundwater (Lovley and Goodwin, 1988). Furthermore, hydrogen 
m- ‘011s in the 0.1 to 0.8 nM range are indicative of Fe reduction (Chapelle and Lovley, 1992). Sulfate 
reduction is indicated by hydrogen concentrations in the 1 .O to 4.0 nM range and methanogenesis by hydrogen 
in the 5 to 25 n M  range (Vroblesky and Chapelle, 1994). To test the hydrogen analysis, a comparison was made 
with the typical approach of evaluating electron acceptors. 

5.5 EVALUATION OF BIODEGRADATION 

A ccmparison of electron acceptor results against screening criteria developed by Wiedemeier et al. (1996) 
suggests anaerobic biodegradation is not an NA process in the Northwest and Northeast Plumes. The screening 
criteria followed were presented in Section 2.4. Screening results yielded a value of (-1), strongly suggesting 
anaerobic biodegdabon is not Occurring in the RGA (Table 6). The wells located in the most concentrated part 
of the plumes used for the analysis include MW66, MW233, MW248, and MW262 in the Northwest Plume and 
MW108, MW155, and M W 2 5 5  in the Northeast Plume. Background wells used for comparison were MW103 
and MW194. None of the indicators usually associated with anaerobic processes; e.g., elevated ferrous iron, 
sulfide, methane, C02, or hydrogen was detected or significantly above background levels (Table 6). 
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